Teosinte (Zea mays subsp. parviglumis H. H. Iltis & Doebley) has greater genetic diversity than maize inbreds and landraces (Z. mays subsp. mays). There are, however, limited genetic resources to efficiently evaluate and tap this diversity. To broaden resources for genetic diversity studies in maize, we developed and evaluated 928 near-isogenic introgression lines (NILs) from 10 teosinte accessions in the B73 background. Joint linkage analysis of the 10 introgression populations identified several large-effect quantitative trait loci (QTL) for days to anthesis (DTA), kernel row number (KRN), and 50-kernel weight (Wt50k). Our results confirm prior reports of kernel domestication loci and identify previously uncharacterized QTL with a range of allelic effects enabling future research into the genetic basis of these traits. Additionally, we used a targeted set of NILs to validate the effects of a KRN QTL located on chromosome 2. These introgression populations offer novel tools for QTL discovery and validation as well as a platform for initiating fine mapping.
M
aize was domesticated from its wild progenitor teosinte approximately 9000 yr ago in southwestern Mexico (Matsuoka et al., 2002; Piperno et al., 2009; van Heerwaarden et al., 2011) . Many studies have demonstrated that there are lower levels of genetic diversity among inbreds than among landrace and teosinte populations for two reasons: demography (bottlenecks) and selection. Domestication and breeding bottlenecks have resulted in genome-wide reductions in genetic variation in maize relative to teosinte (Tenaillon et al., 2004) . Additional studies indicated that approximately 2 to 4% of genes were targets of artificial selection during domestication and breeding (Wright et al., 2005; Hufford et al., 2012) , which implies that about 500 to 1000 genes were critical during the evolution of modern maize and are prime subjects for evolutionary and agronomic research.
Large differences in plant morphology between maize and teosinte make phenotypic comparisons difficult. Undesirable traits in teosinte, such as photoperiod sensitivity, may even mask the useful traits such as disease resistance. On the other hand, selected (domestication and breeding) genes cannot be detected in standard biparental (inbred  inbred) QTL experiments because modern maize will contain only the selected alleles. Introgression lines or NILs carrying teosinte genomic segments are appropriate tools for evaluating the potential of teosinte alleles to complement the allelic diversity of cultivated maize.
Near-isogenic lines have been used to identify and fine map QTL in several plant species including maize (Graham et al., 1997; Szalma et al., 2007) , rice (Oryza sativa L.) (Yu et al., 1991; Tian et al., 2006) , soybean [Glycine max (L.) Merr.] (Muehlbauer et al., 1991; Jiang et al., 2009) , and tomato (Solanum lycopersicum L.) (Eshed and Zamir, 1995; Frary et al., 2000; Brouwer and St Clair, 2004) . Although NIL-based QTL populations have less statistical power for initial QTL identification than recombinant inbred line (RIL) populations of equal size (Kaeppler, 1997) , NILs may offer more accurate QTL effect estimates than RILs when several QTL are segregating within the population. This is because phenotypic differences between the recurrent parent and NILs are caused by allelic differences only at the introgressed target loci, which make up only a small proportion of the genome. Homogenizing the genetic background eliminates epistatic interactions between QTL, which may occur in typical RIL populations. Near-isogenic lines have the additional advantage of being a ready platform for fine mapping the detected QTL.
Photoperiod sensitivity, ear morphology, and kernel traits are among the most distinguishing characters between maize and teosinte (Iltis, 2000) . The ear and kernel traits are so important that they have been manipulated for thousands of years in agrarian societies. This is due to the fact that yield is determined, in large part, by kernel traits such as kernel number and kernel weight. In maize, kernel number is mainly determined by KRN and ear length, while kernel weight depends on kernel size and shape as well as composition. Kernel row number, or rank number, is dramatically different between maize and teosinte. Various genetic studies have investigated KRN because it is a domestication trait and has a high heritability, making this trait amenable to genetic analysis (Emerson and Smith, 1950; Doebley and Stec, 1991; Brown et al., 2011) .
To examine a broad range of genetic diversity for maize and shed light on the genetic basis of agronomic and domestication traits, we developed NILs from 10 teosinte accessions in the B73 background. We first demonstrate the utility of these NIL populations to detect genetically-determined variation for flowering time, a trait that has been studied extensively in diverse maize germplasm. We then explore the genetic architecture of traits specifically targeted by domestication such as kernel row number and kernel weight. Finally, we use the NILs to conduct a QTL validation trial for a major KRN QTL.
Materials and Methods

Genetic Materials
The inbred line B73 was crossed as the female parent with pollen from 10 teosinte accessions acquired from the North Central Region Plant Introduction Station (Table 1).  The teosinte accessions were open-pollinated, geographically distinct collections made between 1967 and 1983 in Mexico (nine accessions from Guerrero and one from Jalisco). More information can be obtained by searching for the accession names in the Germplasm Resources Information Network (http://www.ars-grin.gov).
Pollen from a single F 1 plant from each accession was crossed onto B73, yielding the backcross-1 (BC 1 ) generation. Backcrossing continued to the BC 4 stage before self-pollinating two generations to yield BC 4 S 2 families, which were subsequently sib-mated to increase seed. One of the BC 4 populations (Z031) was also inbred via a proprietary (AgReliant Genetics) doubled-haploid (DH) system in addition to inbreeding by self-pollination using the exact same set of BC 4 families. Briefly, BC 4 plants were pollinated with pollen from a haploid inducer line, which results in 10 to 15% of the progeny kernels being haploid (i.e., the male inducer chromosomes are excluded). The haploid seeds are identified (e.g., using a kernel color marker), germinated, and exposed to a chemical that causes chromosome doubling, resulting in diploids that are completely homozygous.
The NILs were given a ZxxxExxxx name designation following the protocol used for the nested association mapping (NAM) population (McMullen et al., 2009) where the Zxxx represents the population and Exxxx represents the entry within the population. In the Z031 population, the BC 4 S 2 entries are numbered E0001 to E0087, while the BC 4 DH entries are numbered E0501 to E0595. In this study, we report the phenotypic and genetic analysis of these BC 4 S 2 materials. However, to release a more stable public resource, the BC 4 S 2 lines were self-pollinated two additional generations to increase homozygosity, yielding BC 4 S 4 lines that were sib-mated for seed increase. The S 4 entries retained their relationships to the S 2 entries by adding 1000 to the entry number (e.g., Z031E0001 became Z031E1001), while the DH entries retained their original entry numbers as they were already completely inbred. Seed of the BC 4 S 4 and BC 4 DH lines are available from the Maize Genetics Stock Center. Three maize-teosinte NILs carrying residual heterozygosity around the target-gene region from different families were selected and self-pollinated to create F 2 populations to fine map the chromosome 2 KRN QTL. Within each F 2 -derived family, progeny were screened to identify recombinants. Each recombinant was self-pollinated again to create homozygous recombinant and nonrecombinant lines for the phenotypic analysis. Paired homozygous recombinant and nonrecombinant line families were evaluated for KRN in Puerto Rico in winter 2012 and 2013, and Columbia, MO, in summer 2013. Significant differences were identified with t-tests.
Field Trials and Data Collection
The trait DTA was measured as the number of days from planting to the initiation of pollen shed for half the plants within a plot. Kernel row number and Wt50k were obtained from three ears per plot.
Genotyping and Genetic Linkage Map
A bulk of leaf tissue was harvested from up to 10 plants of each BC 4 line and total genomic DNA was extracted with Qiagen 96 Plant Kit. All lines were genotyped using the Illumina 768-SNP chip via a GoldenGate assay (Illumina). The 728 SNPs were chosen from the 1106 NAM markers (McMullen et al., 2009 ) based on polymorphism between B73 and the teosinte parents, with an average of 553 SNPs per population. The BC 4 population structure we employed does not allow for the de novo genetic map construction, as there are simply not enough lines carrying overlapping introgressions in a given region to place markers in the appropriate order and accurately estimate genetic distances. Instead, we used the NAM genetic map (McMullen et al., 2009 ) as a framework for marker order.
Single nucleotide polymorphism genotypes were converted to 0, 1, and 2, which represent homozygous B73, heterozygous, and homozygous teosinte, respectively. Because our QTL mapping procedure does not allow missing data, missing genotypic data (primarily monomorphic markers in specific populations) were imputed based on flanking marker data. For example, when flanking markers were 2 (homozygous teosinte), the missing data were converted to 2. When the two flanking markers were 0 (homozygous B73) and 2 (homozygous for the teosinte allele), the missing data in between were converted to 1 (heterozygous). When the flanking markers were 0 and 1, the missing data were converted to the intermediate value of 0.5.
The advanced stocks (BC 4 S 4 and BC 4 DH NILs) that are available from the Maize Genetics Stock Center were genotyped at higher density via both genotyping-by-sequencing (GBS) (Elshire et al., 2011) and restriction association DNA (RAD) (Poland et al., 2012) . Genotyping-by-sequencing was conducted at the Cornell University Genomic Diversity Facility where the standard maize protocol was employed (Elshire et al., 2011) . Briefly, the protocol used the ApeKI restriction enzyme, which cuts more frequently and results in a very large number of sites but a high proportion of missing data. The samples were sequenced at 384-plex on an Illumina HiSeq machine (Illumina), and reads were processed using version 2.4 of the AllZea GBS build.
The RAD protocol was performed at the University of Missouri using a combination of the rare-cutting restriction enzyme PstI and a common-cutting enzyme Msp1 following the protocol of Poland et al. (2012) . This protocol results in fewer sites being surveyed but little missing data and more accurate calls for heterozygous sites. Briefly, DNA from 384 tissue samples was doubly digested and a unique barcode adapter was ligated to each. Ligated products were pooled in four groups of 96 and amplified with 13 cycles of polymerase chain reaction. Equimolar ratios of the four groups were loaded to a single lane of an Illumina flowcell, followed by sequencing on an Illumina HiSeq2000 at the University of Missouri DNA Core Facility. Restriction association DNA data were processed using the TASSEL GBS pipeline (Bradbury et al., 2007) , and Burrows-Wheeler alignment (Li and Durbin, 2009 ) was used to align reads against the B73 genome (RefGen v2). For both GBS and RAD, the SNP calls were converted to a, b, and h representing B73, teosinte, and heterozygous calls, respectively. Genotype data for the advanced materials and the scripts used to process the RAD data are available from the Panzea website (www.panzea.org).
Statistical Analysis
Descriptive statistics analysis and normality tests on the quantitative data were performed by SAS software (SAS 9.2; SAS Institute, 2008). Heritability was calculated using a mixed model with environment, replicates within environment, and entry (NILs) as random effects (Holland et al., 2003) in SAS (SAS Institute, 2008 ). The same model was used to calculate least square means across environments, which were subsequently used as the phenotypes for QTL mapping.
Joint Linkage Mapping
Least square means across environments were used in joint linkage QTL analysis. Joint linkage models were developed in SAS using a stepwise selection procedure in PROC GLMSELECT as previously described (Buckler et al., 2009; Tian et al., 2011) . Briefly, a stepwise regression model was used to fit the population term and markers nested within population. This nesting of markers within population allows each population to have its own allele; this is more realistic than assuming that all teosinte accessions carry the same allele. Where an individual population lacked an introgression covering the test SNP, no test was conducted for that population. The significance level for entry in and exit out of the model was determined by 1000 permutations. PROC GLM was used to fit an additive model, where the allelic effects were considered fixed effects. Significant alleles were determined by a t-test comparison of the parental means vs. the control B73 allele. The QTL support intervals were calculated by adding a single flanking marker for the QTL at a step of 0.1 cM to the full model and testing the significance at the p = 0.05 level.
Results
Population Development and Marker Characterization of Introgressions
We developed 10 NIL populations derived from geographically diverse teosinte accessions by backcrossing 10 accessions into the B73 background for four generations before inbreeding. In total, 928 BC 4 -derived NILs were produced, with 58 to 185 lines per population (Table 1) . Evaluation of BC 4 S 2 lines is described in this study. Seed of the more advanced generations (BC 4 S 4 and BC 4 DH) of the teosinte NILs are available from the Maize Genetics Stock Center. A total of 728 SNP markers were used to genotype the BC 4 S 2 and BC 4 DH lines (Supplemental Table S1 ). Because genetic maps cannot be accurately constructed from a BC 4 population structure, we used the NAM genetic map (McMullen et al., 2009 ) to assign chromosome positions to the introgressions. In order to investigate potential problems with using the NAM marker framework, we compared a (W22  parviglumis) BC 2 S 3 genetic map (N = 294 SNPs; Briggs et al., 2007) to our 728-SNP subset of the NAM map. Of the 113 SNPs in common to both maps, all markers mapped to the same chromosome and in the same order on the (W22  parviglumis)BC 2 S 3 and NAM maps; only genetic distance varied, as was expected for different populations and population structures. Thus, any structural variation (inversions and translocations) between NAM and the teosinte NIL founders should be minimal in our population and not hinder our QTL analysis, especially as we are not conducting interval QTL mapping in the current study. Interestingly, we did observe recombination events in the Z034, Z035, Z036, and Z038, populations in the 50-Mb region of chromosome 1 (65-115 Mb; B73, RefGen v2) that contains an inversion, which occurs at high frequency in parviglumis but which is nearly absent in modern maize (Fang et al., 2012) . For the other six populations, we had too few individuals and hence too few recombination events to thoroughly investigate the possibility of inversions in this region.
Each NIL contained an average of 2.4 chromosomal segments encompassing about 4% of the teosinte genome. The genotypic ratios for the BC 4 S 2 populations were 95.9% homozygous B73, 2.6% heterozygous, and 1.5% homozygous teosinte, which is very similar to the expected ratios of 95, 3, and 1.5%, respectively.
Introgression coverage across the genome averaged 3.3 across populations. There were many genomic regions with no coverage in specific populations (colored in red on Supplemental Figure S1 ), with cold spots on the short arms of chromosomes 1 and 4, the long arm of chromosome 3, and the centromeric regions of chromosome 6, 8, and 10. However, teosinte introgressions were present in at least some of the populations for all loci yielding multiple teosinte alleles for all genes. The same set of BC 4 families from the PI 384071 (Z031) population was inbred using DH technology and two generations of self-pollination. Comparison of the self-pollination and DH methodologies in the PI 384071 population (Z031) showed that less teosinte genome was maintained in the DH population (Table 1 ; Supplemental Figure S1 ).
Quantitative Trait Loci Analysis of Days to Anthesis
To demonstrate the robustness of the teosinte NILs for QTL mapping, we used DTA as an example trait as it is well studied in NAM (Buckler et al., 2009 ). Broad-sense heritability for DTA was 0.76 (Table 2 ). We identified three QTL for DTA ( Fig. 1b ; Supplemental Table S2), with the two primary QTL residing on chromosomes 8 and 10, which overlap with the known flowering and photoperiod genes vgt1, rap2.7, and ZCN8, and ZmCCT, respectively (Salvi et al., 2007; Chardon et al., 2005; Bouchet et al., 2013; Hung et al., 2012) . We were unable to estimate the effects of two alleles: Z029 for chromosome 8 and Z038 for chromosome 10. Of the remaining 28 alleles, 14 significantly delayed flowering time, and none decreased flowering time. Together, these three QTL accounted for 25.3% of the phenotypic variation.
The peak of our chromosome 8 DTA QTL (119,832,558 bp) was physically closer to ZCN8 (123,501,085-123,502,873 bp) than the other loci (rap2. 7, 132,044,001-132,047,428 bp or vgt1, 132,473,577-132,963,880 bp) . To investigate this region more closely, we conducted deeper genotyping via GBS (Elshire et al., 2011) and RAD (Poland et al., 2012) for four BC4DH lines from the Z031 population with teosinte introgressions in this region. The region of interest (112, 088, 957 ,479 bp; B73, RefGen v2) contained nine SNP calls from the original GoldenGate assay, 119 to 153 SNP calls from RAD, and 518 to 753 SNP calls from GBS (Supplemental Table S3 ). Interestingly, there were no SNPs within ZCN8 from any of the genotyping assays, similar to what was reported in Bouchet et al. (2013) . Among the four DH, there were two unique recombination events that separated ZCN8 from rap2.7 and vgt1 (Supplemental Table S3 ). Of the four NILs, two that were significantly later flowering than B73 carried introgressions including ZCN8 but not rap2.7 or vgt1, strongly suggesting that ZCN8 is the more likely candidate for the Z031 allele.
Quantitative Trait Loci Analysis of Kernel Row Number and Kernel Weight
We used the teosinte NILs to explore the genetic architecture of two traits known to be targeted during domestication: KRN and kernel weight. Heritability for these traits ranged from 0.87 to 0.88 (Table 2) . We identified four QTL for KRN located on chromosomes 1, 2, 4, and 5, which accounted for 33.7% of the phenotypic variation (Fig. 2) . The two QTL with the highest logarithm of odds (LOD) scores on chromosomes 2 and 4 were reported in previous studies (Doebley et al., 1990; Doebley and Stec, 1991; Brown et al., 2011) . We were unable to calculate the effect of two alleles (Z029 allele for chromosome 4, and Z030 allele for chromosome 5) because of lack of introgression of those donors in the QTL region. Of the 38 remaining alleles, 27 alleles (71%) significantly decreased KRN, and no alleles increased KRN (Supplemental Table S4 ).
For Wt50k, we identified eight QTL for kernel weight (Fig. 2a, 2c ) located on chromosomes 1 (three QTL), 2, 3 (two QTL), 5, and 8, which accounted for 38.2% of the phenotypic variation. Several of the QTL overlapped with those observed in NAM (Hirsch et al., 2014) , with the exception of the QTL on chromosomes 2, 3, and 8. We were unable to calculate the effect of nine alleles because of lack of introgression in the QTL region. Of the remaining 71 alleles, 30 alleles significantly decreased Wt50k, while one allele (Z036 allele for chromosome 2) significantly increased seed weight (Supplemental Table S4 ).
Validation of Kernel Row Number Quantitative Trait Loci
To examine the accuracy of QTL results and as a prelude to fine mapping, we performed a validation of the KRN QTL on chromosome 2. Lines containing the teosinte allele (TT/TB, homozygous teosinte and heterozygous teosinte-B73, respectively) of the QTL were compared with B73 and family control lines. The KRN for lines containing the QTL ranged from 11.2 to 17.0 in the summer 2012, while the KRN value for B73 was 16.1 (Supplemental Table S5 -S7). Of the 15 lines carrying chromosome 2 introgressions in the validation study, 14 were confirmed to have a reduction in or the same KRN in accordance with the estimated allelic effects from the original QTL analysis. For example, the estimated additive allelic effect for the Z030 allele was −1.8, therefore the expected KRN of Z030E0046 (TT) should be 12.5. We observed a KRN of 13.44 in the 2012 summer validation experiment, which was significantly less than B73 (p = 1.2E-11). The allelic effect in the Z037 population indicated a weak positive allele, which was confirmed by inconsistent small increases or decreases in KRN. These results were also confirmed in the winter 2012 experiment grown under short days and in the combined analysis across all locations (Supplemental Table S6 , S7). Differences between winter and summer results are likely 
Discussion
Several studies on the genetic control of morphological traits in maize-teosinte intercross populations have been previously reported (Doebley et al., 1990; Stec, 1991, 1993; Szabo and Burr, 1996; Briggs et al., 2007) . The earliest F 2 study used a primitive tropical landrace and an accession of Z. mays subsp. mexicana as parents. More recent BC 1 studies used the improved US inbred W22 and an accession of Balsas teosinte (subsp. parviglumis). Here, our populations were developed using the inbred B73 as the recurrent parent and 10 different teosinte accessions as donors. After backcrossing four times and self-pollinating twice or creating DHs, the populations were used to conduct linkage QTL analysis and validate QTL effects and were found suitable for initiating fine mapping. Our populations combine 10 donors in a common background, which can relieve the confounding effects of genetic background, that is, multiple donors introgressed into different recurrent backgrounds make allelic comparisons difficult. The effect of the alleles may vary with different donors; however, the large-effect QTL that were responsible for the transformation of teosinte into maize should be detectable by linkage analysis. Supplemental Table S1 ) selected by linkage analysis. The vertical axis shows the 10 NIL populations in order. Allelic affects are color coded with 0.5-d increments. n.d. indicates that allelic effects could not be determined, as there were no NILs carrying an introgression at the QTL.
Using NILs for quantitative trait analysis offers several advantages over other population structures. For example, it is possible to detect QTL, validate QTL effects, and initiate fine mapping populations all with the same germplasm set, thus ensuring that the same alleles are being evaluated from the initial QTL discovery through fine mapping. Furthermore, NILs can facilitate introgression of useful allelic variation directly into elite germplasm.
The NILs developed in this study provide the tools to begin answering key questions of relevance to maize evolution and improvement. For example, we hypothesize that the loss of 33 to 43% allelic variation from teosinte to maize during domestication and plant breeding (Tenaillon et al., 2004; Wright et al., 2005) results in a loss of phenotypic variation as well. We also hypothesize larger allelic effects in teosinte than in maize as a result of selection against strong alleles during domestication and breeding. Further studies to test these hypotheses are underway, based on the introgression lines described here.
Teosinte Near-Isogenic Lines as a Resource for Exploring Zea Diversity
Our teosinte NIL populations offer greater allelic diversity than modern maize inbred lines on a per-line basis. This is true for most genes across the genome because of bottleneck effects but especially for the 500 to 1000 genes that were targets of selection during domestication and modern breeding (Wright et al., 2005; Hufford et al., 2012) . Each of the 928 NILs that comprise the teosinte NIL populations carries an average of 2.4 segments representing approximately 4% of the genome in the B73 background. With an average of 3.3 introgression coverage, it is possible to identify multiple lines with introgressions at most loci across the genome from up to 10 teosinte donors.
Because the NILs were generated without genotyping during line development, we were unable to monitor introgression loss across generations. It was somewhat surprising that only a small number of genomic regions were not represented in the final NIL population from any given donor (Supplemental Figure  S1 ). These underrepresented regions may have contained deleterious alleles that were intolerant to inbreeding; may have been inadvertently selected against during line development because they contributed to maladaptation, such as the major flowering time loci on chromosomes 8 and 10 (Fig. 1) ; or could have been lost simply by chance. When comparing the traditional self-pollination and DH inbreeding methods, we saw greater introgression loss in the DHs (e.g., the short arms of chromosome 1 and 10) and sections of chromosomes 4, 5, 6, 8, and 9 (Supplemental Figure S1 ). This is likely caused by a stronger selection pressure against deleterious alleles during the haploid phase of growth as compared with the less severe and slower inbreeding over several generations of self-pollination.
Contrasting Genetic Architectures for Maize and Teosinte Flowering Quantitative Trait Loci
We identified very different QTL profiles for the same traits analyzed in the teosinte NIL population as compared with the NAM RIL population, both in terms of number of QTL and allelic effect sizes (Fig. 1) . Here we identified only three QTL for DTA in the teosinte NILs, while 36 QTL were identified across the 25 NAM RIL families (Buckler et al., 2009) .
The QTL with the highest LOD score in the teosinte NILs was located on chromosome 8, and candidate genes include vgt1, its target gene rap2.7 (Salvi et al., 2007) , and ZCN8 and vgt2, which are further upstream of vgt1 (Chardon et al., 2005; Bouchet et al., 2013) . To date, the only allele of vgt1 that has been fine mapped contains a MITE transposon insertion that confers early flowering in temperate germplasm (Salvi et al., 2007) . For this chromosome 8 region, an allele series was identified in NAM where the three earliest-flowering alleles contained the MITE insertion, while seven of the late-flowering alleles were associated with variation in rap2.7 (Buckler et al., 2009 ). Because our teosinte alleles confer late flowering (Supplemental Table S4 ), it is unlikely that a MITE insertion in vgt1 is responsible for our differences in flowering. Unfortunately, we did not have SNPs in the vgt1-rap2.7 region for our initial QTL analysis, and our QTL peak was fairly broad, making it unclear whether our late-flowering alleles are caused by variation in rap2.7 as in NAM or other genes in the region, such as ZCN8. Deep genotyping in a subset of the Z031 NILs and comparison of the DTA phenotypes with recombination events in the interval between ZCN8 and the vgt1-rap2.7 region revealed that ZCN8 is the most likely candidate gene for this allele. However, it is possible that some teosinte accessions carry alleles controlled by ZCN8, while others carry alleles controlled by rap2.7.
The second most significant QTL was located on chromosome 10 and is likely to contain the photoperiod gene, ZmCCT (Hung et al., 2012) . Recently, Yang et al. (2013) determined that a CACTA-like insertion in the ZmCCT promoter alleviated photoperiod sensitivity. The chromosome 10 QTL does not segregate in the Z38 population because this NIL population lacks an introgression at this locus, preventing us from testing the Z038 allele. Interestingly, we do have introgressions in the other nine populations; this QTL is not significant in the Z031, Z032, and Z035 populations, but does confer significantly later flowering in the other six populations. These results contradict Yang et al. (2013) , where all of the sampled teosinte accessions lack the CACTA-like transposable element insertion, which reduces photoperiod sensitivity in early flowering materials (Yang et al., 2013) . High-density whole-genome sequencing of the B73  teosinte F 1 founders is underway and will allow us to determine which teosinte alleles carry the insertion at ZmCCT.
The allelic effects were larger in the teosinte NILs (largest additive effect of 4.3 d; Supplemental Table S4) as compared with NAM (largest additive effect of 1.7 d; Buckler et al., 2009) for two possible reasons. First, phenotypic differences in NILs are mainly caused by the allelic differences of the locus of interest, and the effects of genetic background are greatly reduced, thus allowing accurate effect estimates. The second, and more likely, reason is that teosinte actually has stronger effects than the tropical inbreds in NAM. Even though many of the NAM founder inbreds were developed under short days (e.g., in Mexico or Thailand), there was likely selection against strong alleles during inbred line development than unselected populations of teosinte. The day length of the evaluation environments certainly affects the allelic effect estimates. The estimate of 1.7 d for ZmCCT from NAM was based on 2 yr each of trials in New York, Illinois, Missouri, and North Carolina (Buckler et al., 2009) . Our estimate for the 4.3-d effect in the teosinte NILs is based on a similar balance of locations with very similar latitudes (1 yr in Minnesota and Wisconsin, 1 yr in New York, 2 yr in Missouri, and 2 yr in North Carolina), thus, the comparison of NAM with our teosinte NILs is valid. If we had evaluated the NILs exclusively in northern locations, the allelic estimates would certainly be higher and comparable with the stronger effects reported by Salvi et al. (2007) .
It is also interesting that the heritability of DTA in our trial (0.76) was considerably less than that reported in NAM (0.94; Buckler et al., 2009 ). This may be partially due to the limited phenotypic distribution of DTA in the teosinte NILs as compared with the NAM RILs, a difference of 12 d in the NILs as compared with 25 d in the NAM RILs. In addition, we were only able to explain 25% of the phenotypic variation with the three QTL that we identified. We believe the primary reason for the missing heritability is gene-gene interactions (epistasis). While the NAM results report little to no epistasis for all traits analyzed to date (Buckler et al., 2009; Tian et al., 2011; Cook et al., 2012) . We have some hypotheses about the importance of epistasis in populations where standing variation is explored (i.e., NAM, IBM, etc.) vs. populations where the parents have diverged as a result of selection (i.e., our teosinte NILs from domestication or the Illinois long-term selection populations). Unfortunately, given the BC 4 population structure of the NILs, we do not have the correct combination of teosinte alleles or the statistical power to search for or test specific epistatic interactions. Follow-up studies are underway to search for and test epistatic interactions of teosinte alleles on DTA and other domestication and agronomic traits. Additional reasons for the missing heritability may include genotype  environment interactions and epigenetic effects, neither of which was explored in the current study.
There are several possible explanations for why we detected fewer QTL in the teosinte NILs than in NAM. First, NIL populations suffer from lower statistical power than RIL populations, as only a small number of NILs per family carry introgressions at any given locus. A second reason is the difference in population size; the NAM population includes 5000 lines, while the teosinte NIL population only contains 928 lines. In addition, our empirically derived threshold (p = 7.6  10 −9
) was much more stringent in our study than to NAM. This difference in threshold is a function of population structure and our phenotypic dataset.
Kernel Row Number
Phyllotaxy of the ear is one of the major differences between teosinte and maize. Teosinte ears are exclusively two-ranked, while maize ears usually have four or more ranks. An early study reported that a single gene, TwoRanked (TR), controlled the difference in KRN between maize and teosinte (Langham, 1940) . However, more recent studies have identified multiple large-effect QTL for KRN including one on the short arm of chromosome 2 (Maguire, 1961; Galinat, 1973; Stec, 1991, 1993) . We identified four prominent QTL for KRN on chromosomes 1, 2, 4, and 5 ( Fig. 2a ; Supplemental Table S2) .
Similar to what we observed for flowering time, we found a greater range of allelic effects for KRN QTL in the teosinte NILs than maize. Brown et al. (2011) found additive allelic effects that ranged from −0.83 to 0.66 for KRN in the NAM population derived from 25 diverse inbreds, while our teosinte allelic effects varied from −2.33 to 0.24. After follow-up genotyping of specific alleles, we determined that the Z029 allelic effect for the chromosome 2 (originally estimated to be −3.38) was likely overestimated because of allelic drift that occurred between genotyping and phenotyping for KRN. Variation at the chromosome 2 QTL seems to be specific to teosinte, while the other QTL segregate in maize  maize populations such as NAM (Brown et al., 2011) . Our validation experiment showed large allelic effects for this QTL in almost all introgression populations (Supplemental Table S5 -S7) and confirmed our hypothesis that the Z029 allelic effect on chromosome 2 was overestimated.
The QTL located on the short arm of chromosome 2 is the strongest KRN QTL with the candidate genes ZFL2 (Zea FLORICAULA/LEAFY 2) and Abphyl1 near the peak (Supplemental Table S2 ). We believe this QTL to be the same as that identified in the earliest maize  teosinte mapping experiments (Doebley and Stec, 1991) . ZFL2, the maize ortholog of LEAFY in Arabidopsis and RFL in rice, has been shown to control the conversion of ear phyllotaxy from distichous, found in teosinte, to polystichous found in maize (Briggs et al., 2007) . Abphyl1, another important gene controlling the phyllotaxy development in maize (Jackson and Hake, 1999; Giulini et al., 2004) , was also located on the border of our QTL, though it is not under the original QTL peak. ZFL2 is currently the most plausible candidate gene for the chromosome 2 KRN QTL identified in our study. ZFL2 has been shown to control ear rank differences between maize and teosinte (Bomblies and Doebley, 2006) and has been proposed to underlie the chromosome 2 KRN QTL identified in a maize landrace  Z. mays subsp. mexicana population (Doebley and Stec, 1991) . Initial fine mapping efforts have narrowed the target region down to between 11,134,513 and 15,343,099 bp (B73, RefGen_v2) on chromosome 2, which excludes the abphyl1 gene (~27 Mb) (data not shown). It is possible that the chromosome 2 KRN QTL will fractionate into multiple QTL, making fine mapping very difficult, as has been recently reported for another KRN QTL located on chromosome 5 .
Kernel Weight
The dramatic enlargement of kernel size during maize domestication undoubtedly resulted in the large increase in kernel weight. Many kernel weight QTL have been reported to date in maize (e.g., Beavis et al., 1994; Messmer et al., 2009; Hirsch et al., 2014) . However, few studies were based on maize-teosinte populations (Doebley and Stec, 1993; Briggs et al., 2007) . We identified eight QTL for kernel weight ( Fig. 2a ; Supplemental Table S2 ). The QTL on chromosome 3 is likely the same as that reported by Doebley and Stec (1993) in the F 2 populations derived from maize and the two different teosinte subspecies, mexicana and parviglumis. Our QTL had a much narrower interval (~143, 169, 263, 760 bp, B73 RefGen_v2) . This result also supported the previous results that the genomic region on chromosome 3 was one of several that showed strong effects during maize domestication.
Prolamin binding factor1 (pbf1, located at 153,510,052 bp; B73 RefGen_v2) is a strong a candidate gene underlying the chromosome 2 QTL (peak located at 147,310,722 bp). Unfortunately the support interval for our QTL is very broad (62-172 Mb) because of a lack of recombination in the NIL population, and thus we were unable to characterize this QTL in depth. However, of the 10 teosinte alleles that we surveyed in this population, one of allele significantly increased seed weight in accordance with the results of Lang et al. (2014) . These results support our hypothesis that teosinte harbors favorable alleles for agronomically important traits such as seed weight.
The QTL on chromosome 5 is likely the same as identified in NAM (Hirsch et al., 2014) . One strong candidate gene for this QTL is ZmGW2. A recent study found that ZmGW2 affected kernel weight by altering kernel size in maize (Li et al., 2010) and the orthologous genes have very similar functions in rice and wheat (Triticum aestivum L.). The GW2 gene, which encodes a RING-type E3 ubiquitin ligase, alters grain width and weight with very little effect on grain length in rice (Song et al., 2007) .
Conclusions
Domestication greatly reduced genetic diversity in modern maize compared with teosinte, a reduction that may ultimately limit maize productivity. It is nearly impossible to directly identify traits in teosinte that may be used for maize improvement because of extreme maladaptedness of teosinte in temperate trials. Here, we developed a population of 928 teosinte NILs derived from 10 teosinte (subsp. parviglumis) accessions in the B73 background. With these NILs, we bridge the gap between teosinte and maize and make it feasible for modern corn breeders to use alleles that were lost during domestication. To understand the impact of domestication on modern maize and unravel the genetic basis of important quantitative traits, we selected several important agronomic traits as examples in this study.
This study combined production of a large maize-teosinte introgression population and the highdensity SNP genotyping array together to enhance our ability to understand the genetic basis underlying morphological changes during maize domestication. Important agronomic traits, such as DTA, KRN, and kernel weight, were analyzed in teosinte NILs resulting in the identification of extreme DTA teosinte alleles and a KRN QTL that does not segregate in maize  maize populations. Results from this study show that the maize-teosinte NIL population is very useful for mapping genes and subsequent fine-mapping efforts as well as for introducing unique alleles into the maize gene pool. Elucidating the genetic architecture of various agronomic and domestication traits is essential to the positional cloning of important genes and to providing resources for improving the yield potential of maize.
